fied. Primary references consisting of clinical series in which patients underwent discography were identified and are briefly summarized in Table 1 . A number of other references served as background information and are included in the reference list.
Scientific Foundation
Lumbar discography for the diagnosis of abnormalities involving the intervertebral discs was first described by Lindblom in the 1940s and has been used extensively as a diagnostic tool in the evaluation of low-back pain since the 1950s. 17, 33 Proponents of discography maintain that it is more sensitive for the diagnosis of anatomical abnormalities of the intervertebral disc than plain radiography, myelography, or MR imaging. 7, 22, 2737, 43, 54, 64 Furthermore, discography remains the only diagnostic test for low-back pain in which there is a physiological endpoint directly relevant to the patient's complaint (that is, the reproduction of concordant low-back pain). 46, 61 Critics of discography claim that the test is oversensitive in that morphological features do not correlate with clinical complaints and that provocation of concordant pain is possible in patients with back pain known to be caused by nonspinal disease. 14 Additionally, several authors have discussed the fact that severe back pain may be elicited by discography in patients without prior complaints of such pain. 11, 13, 24 The advent of MR imaging has further confused the issue, because significant controversy exists as to whether discography contributes any diagnostic information to that ascertained using the noninvasive and certainly less painful MR imaging. 3, 6, 9, 16, 20, 21, 25, 26, 34, 35, 42, 44, 45, 47, [49] [50] [51] 58 The sensitivity, specificity, NPV, and PPV of MR imaging compared with the morphological findings of discography have been described by several authors. Sensitivity refers to the test's ability to detect the disease. Specificity is the probability that a negative test result excludes the disease. The NPV refers to the proportion of patients with negative tests who do not have the disease, and PPV to the proportion of patients with positive tests who do have the disease. Bernard 2 published the results of a large series in which patients underwent MR imaging and discography. He found that the positive PPV of an MR imaging-documented abnormal result for a discography-demonstrated morphologically abnormal result was 92%. The NPV of a normal-appearing MR image study in the same series was 88%. Schneiderman and colleagues 51 studied 101 disc levels by performing T 2 -weighted MR imaging and discography and found that the former was 99% accurate in predicting abnormal morphological findings on discography. Milette, et al., 38 found complete agreement between abnormal MR imaging-detected findings and Stage 2 or Stage 3 disc disruption demonstrated on discography with postdiscogram CT scanning (Dallas classification). 46 Lonergan, et al., 35 as well as Gibson, et al., 20 each described small series in which MR imaging and discography were studied and noted an approximate 90% concordance rate between the two. Although discography may, on occasion, identify abnormalities in patients in whom MR imaging demonstrates normal anatomy, the significance of these findings is unclear. Therefore, it appears that MR imaging is a very good substitute for discography to determine abnormal morphological features of the disc. The use of MR imaging avoids the expense and discomfort of discography, as well its rare but potentially serious complications. 19, 30, 52 The use of MR imaging is therefore recommended as the morphological imaging study of choice in patients with low-back pain.
Although the morphological normality/abnormality of most intervertebral disc spaces can be established using MR imaging, the significance of a morphologically abnormal disc may be questioned. It is now recognized that both MR imaging and discography (especially with CT scanning) are exquisitely sensitive for the identification of disc abnormalities. The frequency of discography-detected abnormal discs in the low-back pain population is quite high; for example, Grub, et al., 22 found that in 78% of their patients with low-back pain, discography demonstrated findings positive for abnormality at one or more levels despite the fact that plain radiography and myelography demonstrated no such disease. Brodsky and Binder 8 also found that in many patients with normal-appearing myelograms discography revealed abnormalities. Schwarzer and colleagues 53 reported positive discography findings in 39% of their series of 92 patients with low-back pain. Park, et al., 43 also contended that discography indicated the presence of disease whereas the radiographic workup was otherwise unremarkable. The frequency of morphological abnormalities revealed on discography in the back pain population is high, and it increases with age. 59, 60 Unfortunately, abnormal morphological findings demonstrated on discography and CT discography have also been described in several series of asymptomatic patients. 13, 24, 61 Walsh, et al., 61 found that 17% of discograms obtained in healthy volunteers demonstrated morphological abnormality. Holt 24 reported a false-positive rate of up to 37% in his series of asymptomatic prisoners, and Caragee, et al., 13 recently described a 40% false-positive rate in a group of asymptomatic individuals. The increasing frequency of morphological abnormalities observed on discography associated with aging appears to be primarily due to painless degenerative changes. 60 There does not appear to be a correlation between the location of the anular tear and the location of pain. 56 Finally, discrepancies between morphological appearance and pain provocation have also been described. 36 For this reason, discography-related provocation of pain has become the gold standard by which other tests are judged. The standard nomenclature refers to a "concordant discogram." The description offered by Walsh, et al., 61 of a "positive" discogram has been adopted by most authors to indicate a concordant discogram. Walsh, et al., required morphological abnormalities to be present along with the provocation of pain that was identical or very similar to the patient's back pain. In general, severity as judged by a visual analog scale as well as by patient behavior must be severe (a score of 3 of 5, or 6 of 10 on the visual analog scale). 14, 61 Several studies have been performed in which discography-detected morphological features and concordant pain provocation are compared. It is clear from these studies that a mismatch often exists between the radiographic findings and a patient's perception of pain. For example, Antti-Poika, et al., 1 reported only a 53% PPV of morphological changes predicting a concordant pain response. In addition, more than 13% of patients with normal disc anatomy in this same series, concordant pain was elicited with injection. Millete and Melanson reported that in only 37% of patients with discographydocumented morphological abnormality, concordant pain was evoked with injection (compared with 5% of those with normal morphological features). Sachs, et al., 46 reported a 13% incidence of abnormal disc structure detected on postdiscography CT scanning without pain provocation in their large series. Heggeness, et al., 23 found a significantly higher incidence of morphological abnormality in patients who had previously undergone discectomy compared with those who had not (72 and 38%, respectively); however, there was no difference between groups in terms of pain provocation. Saifuddin, et al., 48 found that only anular tears could be reliably associated with the provocation of pain and that other degeneration patterns were not necessarily associated with a pain response. These findings were also reported by Moneta, et al. 40 It is therefore clear that discography-demonstrated morphological abnormality of the disc may or may not be associated with the production of concordant pain. Thus, abnormal morphological structure revealed on discography is considered to be too nonspecific to be of clinical use.
Abnormalities demonstrated on MR imaging have also been studied in patients with low-back pain. Findings such as loss of T 2 -weighted signal intensity, Modic changes, and HIZs are very common in patients with low-back pain. 9, 44 As with discography, however, these abnormalities are also demonstrated in a smaller but still sizable fraction of asymptomatic patients. 12 It is apparent that MR imaging suffers from the same lack of specificity as discography with regard to morphological findings. Magnetic resonance imaging findings have been compared with pain provocation during discography in several series. Linson and Crowe 34 performed a prospective comparison of findings on T 2 -weighted MR imaging and discography. They found a 98% PPV for an abnormal MR imagingdocumented findings and concordant pain provoked using discography. Braithwaite and colleagues 6 specifically examined Modic changes in a Class II study and found that they were a specific but not necessarily sensitive predictor of concordant pain provocation. Weishaupt, et al., 62 also found that moderate to severe endplate changes predicted a positive pain response in a 100% of the cases. In contrast, in their Class III study Sandhu, et al., 49 noted no significant relationship between Modic changes and concordant pain responses. Ito and colleagues, 26 found that the presence of an HIZ was a sensitive (87%) but not specific (65%) predictor of a concordant pain response. In contrast, Saifuddin, et al., 47 reported that the presence of an HIZ was a specific (96%) but not sensitive (27%) predictor of a concordant pain response. In a Class II study, Schellhas, et al., 50 demonstrated that the PPV for an HIZ for a concordant pain response was 87% and the NPV of the absence of an HIZ was 97%. Lam and colleagues 32 performed a prospective, blinded evaluation of HIZs compared with discography and found an 87% PPV of the HIZ for the provocation of pain in which sensitivity and specificity values were 81 and 79%, respectively. In a small Class III study, Ricketson, et al., 45 were unable to identify a significant association between the presence of an HIZ and concordant back pain. It should be noted, however, that only seven HIZs were observed in their study, making the lack of a statistically meaningful result a foregone conclusion. Simmons, et al., 55 Saifuddin, et al., 47 Ito, et al., 26 Horton and Daftari, 25 and Weishaupt, et al., 62 each noted that the NPV of a normal MR image was 94 to 100%, similar to the results reported by Schellhas, et al. 25, 26, 50 Although the results of these series are in some cases conflicting and confusing, the higher-quality papers (Class II) do indicate that certain MR imaging findings, such as HIZ and endplate changes, are closely correlated with the imaging gold standard of provocative discography in patients with low-back pain. It is also apparent that a positive pain response is extremely rare when MR imaging has demonstrated a normal disc.
The management of these patients is intended to alleviate their low-back pain. Therefore, the knowledge of the relative ability of one neuroimaging study (such as MR imaging) to predict the results of another diagnostic test (such as pain-provocative discography) is useful for the selection of diagnostic tests; however, the true test is the modality's ability to predict the outcome of effective treatment based on its results. In the low-back pain population, surgical fusion is generally considered the gold standard for the treatment of discogenic back pain. Therefore, the next relevant question concerns the ability of discography or MR imaging to predict the outcome of fusion. If discography (or MR imaging) had an accuracy of 100%, then every patient in whom discography (or MR imaging) was positive and fusion was successful should experience relief of their low-back pain; likewise no patient in whom discography (or MR imaging) was negative would experience relief of their pain (making the acknowledged unfounded assumption that fusion is 100% effective for relieving pain derived from the pathological disc). There is one Class II study and several Class III studies identified in which the authors address this issue.
Gill and Blumenthal 21 reported results obtained in 53 patients who underwent L5-S1 fusion, based primarily on discography-related concordant pain provocation. They found that patients with concordant pain and an MR imaging-documented abnormality did well 75% of the time. These results were compared with those acquired in patients with concordant pain provoked by discography but in whom MR imaging demonstrated normal findings. Patients in the latter group did significantly less well, with 50% experiencing a favorable outcome. 21 Patients who underwent assessment with discography alone were treated surgically by Colhoun and colleagues. 15 They reported an 89% favorable result rate in patients with concordant pain responses as opposed to a 52% favorable rate in those with morphological abnormality alone. Blumenthal, et al., 5 reported that 74% of their patients returned to work following ALIF that was performed based on discography. Other reports regarding the success of fusion for discography-diagnosed pain are not as encouraging. Wetzel, et al., 63 and Knox and Chapman 31 each reported surgical series in which patient selection depended primarily on results of discography. Outcomes in these series were somewhat disappointing, with success rates of 35 to 46%. These results are particularly distressing given the finding by Rhyne, et al., 58 that the majority (68%) of patients with discography-documented concordant pain improved without surgical treatment over a 3-year period. To be fair, the fusion rates and fusion techniques used by various authors will influence the overall results. In fact, in a series report-ed by Wetzel, et al., the vast majority of patients in whom a solid fusion was demonstrated (23 of 48 cases) did experience satisfactory outcomes. There is also some information indicating that fusion technique is important. For example, Derby, et al., 18 have asserted that patients with "chemically sensitive" discs are better served by interbody fusion techniques than posterolateral techniques. Additionally, the ability to elicit pain by discographic study of disc spaces within solid posterolateral fusion masses has been described. 29 Therefore, although it is possible to obtain good results with surgical treatment in patients with discography-diagnosed low-back pain, the best evidence available (Class II) indicates that treatment of a disc in a patient with a positive discogram and a normalappearing MR imaging study is not likely to influence favorably the natural history of the patient's low-back pain.
Discography has been used in several unique circumstances. Because of its exquisite sensitivity, it is likely a valuable adjunct for the study of discs for which MR imaging findings are equivocal, particularly those adjacent to clearly pathological levels considered for fusion. Discs that are morphologically equivocal but painless may be excluded from the fusion level. 41 Discography may also have a role in the diagnosis of painful pseudarthrosis, although the literature support is scant. 29 Another potentially useful role of discography is for identification of patients who are poor surgical candidates. The high falsepositive rate for concordant pain provocation in patients with psychological abnormalities or secondary gain issues may be exploited. 4, 11 Provocation of pain at levels that are morphologically normal is a contraindication for surgical (or other invasive) intervention, and pain at multiple levels with equivocal findings would certainly raise a significant red flag for the presence of secondary gain or psychological factors known to be associated with poor surgical outcomes. Discography itself does not appear to contribute to the development of back pain in patients without somatization disorders, nor to morphological abnormalities of the disc.
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CONCLUSIONS
Discography is exquisitely sensitive but not very specific when used to diagnose discogenic low-back pain. Restricting the definition of a positive study to one that elicits concordant pain improves its accuracy, but a significant false-positive rate still exists. Magnetic resonance imaging appears to be a reasonable and noninvasive substitute for discography for the diagnosis of degenerative disc disease. The treatment of patients with abnormalities only detectable by discography is not associated with substantial success. Discography does have a role in the evaluation of patients with low-back pain, but this role is best limited to the evaluation of equivocal radiographic or MR imaging findings, the investigation of adjacent-level disease, and the elimination of patients with psychogenic complaints from surgical consideration.
Directions for Future Research
A large cohort in which the results of discography are compared with those of MR imaging for predicting the success of a standard-protocol surgical intervention would be a valuable addition to the literature. These data would provide at least Class II evidence for the value of either diagnostic technique for predicting the response of a patient to a given treatment.
Treatment Recommendations
Standards. There is insufficient evidence to recommend a treatment standard.
Guidelines. Magnetic resonance imaging is recommended as a diagnostic test for the management of lowback pain.
It is recommended that the presence of concordant pain response (pain identical or very similar to typical back pain) as well as morphological changes be required for the definition of a positive finding on discography.
It is recommended that discography not be performed as a stand-alone test for treatment decisions in patients with low-back pain.
Options. It is recommended that the use of discography be reserved for cases in which MR imaging findings are equivocal, especially at levels adjacent to clearly pathological levels.
It is recommended that patients with discography positive back pain but without other MR imaging or radiological signs of disc degeneration not be considered for any type of operative intervention.
In patients with a positive discography finding and equivocal MR imaging or plain radiographic findings, a thorough psychological evaluation is recommended. A diagnosis of a somatization disorder, or the presence of hysteria or hypochondriasis, are relative contraindications to surgical intervention of any type.
